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Abstract 
Oxyfuel combustion in a pulverised fuel coal-fired power station produces a raw CO2 product containing contaminants such as water vapour 
plus oxygen, nitrogen and argon derived from the excess oxygen for combustion, impurities in the oxygen used, and any air leakage into the 
system.  There are also acid gases present, such as SO3, SO2, HCl and NOX produced as byproducts of combustion.  At GHGT8 [2] we 
presented reactions that gave a path-way for SO2 to be removed as H2SO4 and NO and NO2 to be removed as HNO3.  In this paper we present 
initial results from the Oxyfuel-UK project in which these reactions are being studied experimentally to provide the important reaction kinetic 
information that is so far missing from the literature.  This experimental work is being carried out at Imperial College London with synthetic 
flue gas and then using actual flue gas via a sidestream at Doosan Babcock’s 160kW coal-fired oxyfuel rig.   
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1. Introduction  
Oxyfuel combustion in a coal-fired power station produces a raw CO2 product containing contaminants such as water vapour 
plus oxygen, nitrogen and argon derived from the excess oxygen for combustion, impurities in the oxygen used, and any air 
leakage into the system [1].  There are also acid gases present, such as SO3, SO2, HCl and NOX produced as byproducts of 
combustion.  This paper presents a process for the removal of these SOx and NOx byproducts during compression first 
introduced at GHGT8 [2,3] and initial experimental results which demonstrate the theory. 
 
The overall process for purifying the CO2 takes the impure CO2 from the power boiler and cools it to condense water vapour, 
remove traces of ash and dissolve soluble gases such as SO3 and HCl.  The cooled, raw CO2 is then compressed to about 30 bar 
and the CO2 is purified by partial liquefaction and phase separation [4,5,6,7,8].  At GHGT8 we presented reactions that gave a 
path-way for SO2 to be removed as H2SO4 and NO and NO2 to be removed as HNO3 during the process of compression to 30 bar.  
Any elemental mercury or mercury compounds present in the flue gas would also be removed by reaction with nitric acid.   
 
In this paper we will present initial results from the Oxyfuel-UK project in which these reactions are being studied 
experimentally to provide the important reaction kinetic information that is so far missing from the literature.  This experimental 
work is being carried out at lab scale in Imperial College London using synthetic flue gas, and then using actual flue gas via a 
sidestream from Doosan Babcock’s 160kW coal-fired oxyfuel rig.   
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2. NOx, SOx and Hg from Oxyfuel Combustion 
Little attention had been given to the removal of NOx and mercury compounds in oxyfuel combustion system.  Indeed, in 
previously published work the assumption has been that most of the NO present in the CO2 feed would leave with the inert gas 
while NO2 would leave with the liquid CO2 [1].  It had also been generally accepted that the SO2 present in the raw CO2 stream 
would leave with the CO2 [1].  This solution allows co-disposal of SO2 with CO2, which may or may not be acceptable/allowed 
under future CO2 capture regulations. 
 
Our aim in undertaking this research was to determine a method of producing NOx-free, SO2-free, Hg-free and O2-free CO2 to 
meet possible specifications of CO2, for geological disposal and enhanced oil recovery applications.  Of course, in oxyfuel 
combustion it is possible to use the same NOx, SOx and Hg removal technology as used and required by air-fired combustion.  
We aim to show that this is not required and that oxyfuel combustion opens the way for innovative solutions to traditional 
problems. 
2.1. NOx and SOx Reactions in Oxyfuel 
At the high temperatures at which NOx is formed during combustion, the equilibrium dictates that mostly NO will be formed.  
Subsequent conversion of NO to NO2:  
 NO + ½ O2 = NO2  (1) 
has been studied by many authors in the 20th century [9].  At low temperature, the equilibrium of Equation 1 is strongly in favour 
of NO2 production rather than NO.  However at low pressure the rate of the Equation 1 is low and so, in an air-fired boiler 
without CO2 capture or NOx removal, the main NOx emission would be as NO.  However, although the rate of Equation 1 is 
slow at ambient conditions, it speeds up with decreasing temperature and increasing pressure.  The reaction rate is given by 
Equation 2:  
 d[NO2]/dt = 2k [NO]2.[O2]  (2) 
where k, in l2 mol-2 s-1,  is 1200 x 10230/T [9] where T is in Kelvin.  Since the rate is therefore proportional to pressure to the 3rd 
power, this reaction rate is likely to become significant at higher pressures and low temperatures.  The second reaction of 
significance at this point is the reaction of NO2 with SO2 to form sulphuric acid, commonly referred to as the Lead Chamber 
process for the manufacture of sulphuric acid: 
 NO2 + SO2 + H2O = NO + H2SO4  (3) 
This reaction is known to be fast and so was assumed in our modelling work to be equilibrium limited.  Whilst SO2 is removed 
by Equations 1 and 3, NO2 will be converted to nitric acid by the well understood slower nitric acid process: 
 2 NO2 + H2O = HNO2 + HNO3  (4) 
 3 HNO2 = HNO3 + 2 NO + H2O  (5) 
with the NO formed in Equations 3 and 5 being reconverted to NO2 by Equation 1. 
 
These reactions give a path-way for SO2 to be removed as H2SO4 and NO and NO2 to be removed as HNO3.  Any elemental 
mercury or mercury compounds present in the gaseous carbon dioxide will also be removed as mercury will be converted to 
mercuric nitrate since mercury compounds react readily with nitric acid.  Typical nitric acid concentrations in the process will be 
sufficient to remove all mercury from the carbon dioxide stream, either by reaction or dissolution.   
2.2. NOx and SOx Removal from Oxyfuel-derived CO2 
To allow the reactions so far presented to proceed so as to remove SO2, NO and NO2 from the process, residence time and 
contact with water must be introduced after compression of the raw CO2 as shown in Figure 1.  After adiabatic compression to 15 
bar the CO2 is cooled in E101, which could incorporate heat integration into the steam system.  At this point holdup is added to 
the process, by, for instance, the use of a contacting column with pumped-around liquid condensate, C102.  A holdup of only a 
few seconds was found in our modelling of the process to allow time for all of the SO2 to be removed as H2SO4.  The contactors 
allow intimate mixing of water with SO3 and then with NO2 to remove these components from the gas continuously thus 
allowing reactions to proceed until all SO2 and the bulk of the NO is removed.  Little HNO2 or HNO3 will be formed until all of 
the SO2 has been consumed.  NO2 formed by the slow Equation 1 will be consumed by the fast reaction in Equation 3 while the 
slow reaction in Equation 4 produces HNO2 or HNO3.  The SO2-lean CO2 is then compressed to 30 bar where a similar process 
as at 15 bar adds another few seconds of holdup to the process.  Around 90% of the NOx and essentially all of the SO2 can be 
removed in this way from the CO2 before being dried and the inerts removed [4,5,6,7,8]. 
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Figure 1:  Raw Oxyfuel CO2 Compression with Integrated SOx and NOx removal 
The reactions and process described above and in Figure 1 rely on assumptions on the reactions that will occur and the rate at 
which they will occur.  In order to verify this, work was carried out within the Oxycoal-UK Project, led by Doosan Babcock 
Energy Ltd. and sponsored by the UK Department for Business Enterprise & Regulatory Reform and the UK Engineering and 
Physical Sciences Research Council. 
3. Doosan Babcock’s NOx Reduction Facility (NRTF) 
The 160 kWt NOx Reduction Test Facility (NRTF), located at Doosan Babcock’s Research and Development Centre in 
Renfrew, Scotland, was originally designed for the investigation of primary in-furnace NOx control technologies.  It has since 
been modified to allow development of selective catalytic reduction (SCR) and selective non-catalytic reduction (SNCR) post-
combustion NOx reduction processes.  A schematic diagram of the NRTF is shown in Figure 2.  The furnace is 5.0 m long and 
0.5 m in diameter, arranged vertically.  The burner (a residence time scaled down version of a 42 MWt commercial low NOx 
axial swirl burner) is located at the top of the furnace and fires vertically downwards.  The furnace is refractory lined and a water 
jacket removes heat to a forced draught air-cooled heat exchanger. 
 
Pulverised coal is supplied pre-ground and is fed at a controlled rate by a loss-in-weight feeder.  In air-firing mode primary air 
is supplied by a blower and is pre-heated electrically to give a delivery temperature of around 60 to 70°C at the burner.  
Secondary air is supplied by a forced draught fan and is heated electrically to around 230°C.   
 
Two reactors are installed in series downstream of the furnace to allow the investigation of post-combustion NOx control 
technologies.  The hot flue gases leave the furnace and pass via the two reactor sections to an air cooled heat exchanger.  The 
heat exchanger is positioned upstream of the SCR reactor to control the SCR inlet flue gas temperature within the catalyst’s 
optimum operating temperature range.  The cooler reduces the flue gas temperature from nominally 900°C to nominally 400°C. 
 
Ammonia can be injected into the flue gas via a NH3 injection system just upstream of the SCR.  On leaving the SCR, the flue 
gas enters a second air-cooled heat exchanger.  This heat exchanger is positioned upstream of the ESP to reduce the inlet flue gas 
temperature to between 150°C and 180°C.  Following fly ash removal by the ESP the flue gas is exhausted to atmosphere via an 
induced draught fan. 
3.1. NOx Reduction Test Facility - Oxyfuel Configuration 
A schematic diagram of the NRTF oxyfuel firing configuration is presented in Figure 3.  Primary air is replaced with CO2 
supplied from a liquid storage tank and secondary air is replaced with flue gas recycled from the ESP outlet.  Oxygen is injected 
into the CO2 and secondary flue gas recycle (SFGR) streams upstream of the coal injection point and windbox respectively.  
Oxygen is stored as a liquid and is vaporised on demand. 
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Figure 2:  Schematic Diagram of NRTF – Air Firing Configuration 
 
Figure 3:  Schematic Diagram of NRTF – Oxyfuel Firing Configuration 
3.2. NRTF Oxyfuel Testing 
Tests carried out over two weeks with NRTF operating for 10 hours each day to give a steady feed to the sour compression 
apparatus.  In the second week of testing SCR catalyst was added and NH3 injection controlled to vary NOx in the feed to the 
sour compression rig. 
4. Experimental Results 
These results are provisional and are based on two weeks of experiments carried out in June and July 2008.  A further week of 
testing was carried out in August.  Lab analysis on the liquid samples taken are still ongoing and further experiments are required 
in the controlled environment of Imperial College’s laboratories.  However, these initial results are a general confirmation of the 
overall process.  
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Figure 4:  Simplified PFD of Imperial College Sour Compression Apparatus 
A simplified PFD of Imperial College Sour Compression Apparatus is shown in Figure 4.  The feed, in the range 1-5 sl/min, is 
taken as a sidestream from the NRTF after the recycle fan and is then cooled to ambient temperature in a flue gas cooler, which 
is a coiled tube in a water bath.  A condensate trap immediately follows the cooler.  Here condensate accumulates during the 
experimental runs since, as with the other condensate streams, there was no provision to continuously drain, mostly due to the 
small scale of the apparatus.  The compressor then increases the pressure up to a maximum of 7 bar g and discharges into a 4 litre 
receiver.  Note that we had provision to double this pressure to 14 bar using an extra piece of equipment, an “intensifier” , but this 
was used only briefly as at this higher pressure the reactions proceeded too quickly for meaningful experimentation. 
 
Condensate accumulates in the receiver during runs.  The compressed flue gas then goes to a further vessel, a 1 litre stainless 
steel cylinder that is externally temperature controlled.  This cylinder, referred to in Figure 4 as the Reactor, provides further 
holdup and can provide liquid/vapour contacting by prefilling with water or acid.  Flow control through the system is achieved 
using the mass flow controlled (MFC) on the outlet from the reactor.  Composition measurements can be taken at points labelled 
A, B, C and D. 
4.2. Flue Gas Cooler 
In the Flue Gas Cooler the raw CO2 from the combustion process is cooled to 18°C.  Continuous measurements were recorded 
at point A in the flowsheet in Figure 4.  By analysis of the liquid condensate collected after the flue gas cooler it was noticed that 
around 10% of the inlet SO2 was lost from the gas phase between points A and B. 
4.3. The Effect of Pressure on SO2 and NO Conversion 
A small reciprocating compressor was used to compress the feed gas into the 4 litre receiver to a pressure which could be 
controlled.  In the first experiments an “intensifier” was used to double the maximum pressure to 14 bar g.  This was then 
removed and the pressure therefore reduced to 7 bar g.  The results comparing the performance of the system at these two 
pressures can be seen in Table 1.  Here the flowrate through the MFC is 1 sl/min and the feed composition is approximately 
constant.  One can see that the conversion of SO2 drops from 98% to 84% as the pressure drops, and NOx conversion drops from 
90% to 68%.  There is therefore a dependence on pressure and/or residence time.  This dependency is confirmed by the data 
shown in Table 2, which is at a higher feed rate, 4 sl/min, but confirms higher conversion at higher pressure.  This may confirm 
one of our assumptions; that pressure increases reaction rate.  However, we still have to separate the effect of increased residence 
time from the effect of higher pressure. 
Table 1:  Effect of Pressure on SO2 and NOx conversion at 1sl/min flowrate 
 14 bar g  7 bar g 
 Inlet 
(Point A) 
After Compressor 
& Receiver 
(Point C) 
Conversion 
 
 Inlet 
(Point A) 
After Compressor 
& Receiver 
(Point C) 
Conversion 
 
ppm SO2 900 20 98 %  950 150 84 % 
ppm NOx 520 50 90 %  390 120 68 % 
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Table 2:  Effect of Pressure on SO2 and NOx conversion at 4sl/min flowrate 
 3 bar g  5 bar g 
 Inlet 
(Point A) 
After Compressor 
& Receiver 
(Point C) 
Conversion 
 
 Inlet 
(Point A) 
After Compressor & 
Receiver 
(Point C) 
Conversion 
 
ppm SO2 980 350 64 %  970 240 75 % 
ppm NOx 360 187 48 %  420 130 70 % 
4.4. Effect of flowrate/residence time 
Figure 5 shows the effect of flow rate on conversion of SO2 and NOx under the same pressure, 5 bar g, and inlet feed 
composition. Conversion decreases as the flow rate increases due to a lower residence time in the compressor receiver, 
confirming the importance of residence time for the SOx/NOx removal reactions. 
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a) SO2 and NOx composition after compressor & receiver b) Resulting SO2 and NOx conversions with flowrate 
Figure 5:  Effect of flowrate on SO2 and NOx conversion after the compressor and receiver (Point C) 
4.5. Effect of SO2/NOx ratio of the inlet gas composition 
During the second week of experiments, SCR elements were introduced into the NRTF to allow the NOx concentration in the 
feed gas to the sour compression apparatus to be varied.  This allowed the effect of varying the SO2/NOx ratio on conversion of 
SO2 to be studied.  Figure 6 shows the effect of SO2/NOx ratio has on SO2 conversion for two different reaction conditions.  In 
both cases SO2 conversion decreased as SO2/NOx ratio increased, which would agree with the theory that NOx acts as a catalyst 
for SO2 oxidation to SO3 leading to H2SO4 due to the presence of water.  The different trends could be explained by different 
residences times (due to different flow rates) in both cases. 
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Figure 6:  Effect of SO2/NOx ratio in SO2 conversion.  
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4.6. Downstream Reactor  
The reactor in Figure 4 is a 1 litre stainless steel cylinder.  It is used to add extra holdup time and can be prefilled with water.  
The inlet stream is fed to the bottom of the cylinder and so, if water is present, must exit by bubbling though the water.  In all 
experiments 100% conversion of SO2 was seen after this cylinder.  Table 3 shows the results of the same experiments as shown 
in Table 2 but gives the composition and conversion at point D, after the reactor.  One can see that there has been 100% 
conversion of the SO2 by this point (within the accuracy of the analysers used) and that NOx conversion has also gone from 48% 
and 70% at point C to 61% and 83% at point D. 
 
Table 3:  Effect of Pressure on SO2 and NOx conversion at 4sl/min flowrate 
 3 bar g  5 bar g 
 Inlet 
(Point A) 
After Reactor 
(Point D) 
Conversion 
 
 Inlet 
(Point A) 
After Reactor 
(Point D) 
Conversion 
 
ppm SO2 980 5 ~100 %  970 6 ~100 % 
ppm NOx 360 139 61 %  420 72 83 % 
4.7. Mercury  
Gas phase mercury analysis was carried out on the NRTF but it was not possible to confirm gas phase composition after the 
sour compression rig.  Liquid phase analysis was carried out on the condensate from the sour compression rig.  The results 
showed that the Hg content of the liquid collected in the Receiver and the Reactor are in the same order of magnitude as the 
blank runs, which we can interpret as negligible Hg content.  However, the liquid collected in the condensate separator has a Hg 
content one order of magnitude higher, indicating that any Hg present is removed from the gas phase with the first acidic 
condensate stream. 
4.8. Future Work 
The next phase of work will see the sour compression rig being taken back to Imperial College where further experiments can 
be performed using synthetic flue gas with the aim of gaining more understanding of the reaction mechanism and developing a 
kinetic model. 
5. Discussion 
Although we have presented limited experiment results, it is clear that the reactions as posed seem to be producing the desired 
results:  SOx and NOx removal by compression and contact with water.  The fact that further reaction happens in the Reactor 
indicates that residence time and vapour/liquid contacting are important to maximise conversion.   
 
Some of our modelling assumptions may need to be addressed.  Since we are seeing H2SO4 and HNO3 together in the 
condensate whilst there is still some SO2 left in the gas stream, the assumption of the fast rate of the Lead Chamber reaction 
compared to the nitric acid reactions needs to be reassessed, and this will be the focus of future work. 
6. Conclusions 
This work supports the previous assertion that SOx and NOx components can be removed during compression of raw 
Oxyfuel-derived CO2, given sufficient pressure, holdup and vapour/liquid contacting time.  Therefore, for emissions control and 
CO2 product purity, traditional FGD and deNOx systems should not be required in an oxyfuel-fired coal power plant. 
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